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PREFACE

This report documents the results of USAFETAC Project 930919, completed by USAFETAC’s Simulation and
Techniques Branch (USAFETAC/SYT). The project manager was Mr. William R. Schaub, Jr.

The customer was the Acquisition Meteorology Division of the Electronic Systems Center (ESC/WE) at Hanscom
AFB, Massachusetts. The customer requested that USAFETAC improve its capability to estimate icing on
structures, specifically: provide ice thicknesses for a 10-percent risk in a 10-year design life (95-year return
period) for rime and glaze ice accumulations on both a 1/2-inch radius wire and a horizontal flat plate (as
included on USAFETAC Form 3, Engineering Environmental Design Information, Part IT). Algorithms are
being coded for icing as this report is being published. The point of contact is Mr. Thomas Elio, USAFETAC/
SYT, DSN 576-5412.

This report first provides background on the problem of estimating ice accumulation on surface structures. It
also provides information on ice types, ice accretion theory, and computer models of ice accretion. Finally,
methods are proposed for estimating ice accumulation on structures based on estimates of several atmospheric
variables.

The author is grateful to Charles C. Ryerson at the U.S. Army Cold Regions Research and Engineering Laboratory

for fruitful discussions on the structural icing problem. He is also grateful to Tsoi-Ching Yip at the Canadian
Climate Centre who provided a paper on her evaluation of several icing models, and a paper on an operational

v
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ESTIMATING ICE ACCUMULATIONS ON SURFACE STRUCTURES

Chapter 1

INTRODUCTION

1.1 The lcing Problem. Atmospheric icing of
objects on the earth’s surface often results in
widespread damage. An example is the structural
failure of power transmission lines and towers due to
the weight of accumulated ice. The ice loads are
usually followed by strong winds that add to the stress
on the structures. Engineers need estimates of
expected icing for use in designing structures such as
communications towers to withstand the icing and
wind conditions that may occur during the lifetime of
the structures.

1.2 USAFETAC Support. Since the early 1970s,
the Engineering Meteorology Section of the USAF
Environmental Technical Applications Center
(USAFETAC) has provided icing and wind
information for structural design. The ice information

is part of a comprehensive, site-specific climatology
for the desired location.

As shown in Figure 1, the Ice Information section of
USAETAC Form 3 provides estimates of rime and
glaze ice expected on a 1/2-inch radius wire and a flat
plate. The wire is assumed to be perpendicular to the
wind flow, while the plate lies horizontal in the wind
flow. Also included is an estimate of the maximum
wind expected with the ice in place. The 10-percent
risk in a 10-year design life states that the information
is for a structure designed to last 10 years, during
which time the values given only have a 10-percent
probability of being equaled or exceeded. Those risk
and design life criteria define ice amounts expected
with a storm that occurs on an average of once every
95 years. See Table 1, next page, from Air Weather
Service (1977).

16, ICE INFORMATION: Ten percent risk in a 10 year design life.
BASED ON A 0.5 INCH RADIUS WIRE RIME ICE
GLAZE ICE

BASED ON A HORIZONTAL FLAT PLATE RIME ICE

GLAZE ICE

MAXIMUM WIND WITH ICE LOADS (KNOTS)

Figure 1. Section 16 of USAFETAC Form 3, Engineering Environmental Design Information (Part II).

1.3 Complicating Factors. Observations of rime
and glaze icing are not made routinely. Even where
observations have been made, the instrumentation and
techniques have not been standardized. Remote hilly
and mountainous regions (favorite places to site
communications towers, radars, and the like) are far
removed from regularly reporting weather stations.
Icing observations are extremely limited except where
research has been conducted. Due to the limited icing
data, climatologists are forced to estimate icing from

atmospheric variables that are regularly observed.
Even the observed variables themselves must often
be estimated from the closest reporting station.
Strictly speaking, an extreme value analysis is required
(Air Weather Service, 1977) to obtain icing values
for a 95-year return period or any other return periods.
Input values for the analysis are maximum annual ice
accumulations for at least 2 years, but preferably 5
years or more (Ryerson, 1987).
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TABLE 1. Return Periods for specified calculated risks and design life (adapted from Air Weather Service

1977). .

Calculated Design Life in Years (n)*
Risk
[f(x)n] 1 2 3 4 5 | 10 | 15 [ 20 | 25 | 30 | 35 | 40
0.01 100 | 199 | 299 | 398 | 498 | 996 |1493 (1991 |2488 |2986 /3483 |3981
0.02 50 99 149 | 198 | 248 | 495 | 743 | 990 [1238 1485|1733 (1980
0.03 33 66 99 132 165 | 329 493 | 657 | 821 985 (1150|1314
0.04 25 49 74 98 123 | 245 | 368 | 490 613 | 735 | 858 | 980
0.05 20 39 59 78 98 195 | 293 | 390 | 488 | 585 | 683 | 780
0.10 10 19 29 38 48 95 143 190 | 238 | 285 | 333 | 380
0.15 7 13 19 25 31 62 93 124 154 185 | 216 | 247
0.20 5 9 14 18 23 45 68 90 113 | 135 | 157 | 180
0.25 4 7 11 14 18 35 583 70 87 105 122 140
0.30 3 6 9 12 15 29 43 57 71 85 99 113
0.35 3 5 7 10 12 24 35 47 59 70 82 93
0.40 3 4 6 8 10 20 30 40 49 59 69 79
0.45 2 4 6 7 9 17 26 34 42 51 59 67
0.50 2 3 5 6 8 15 22 29 37 44 51 58 0

1.4 USAFETAC'S Approach. Due to icing data
limitations, USAFETAC has relied heavily on reports
of major icing events, case studies, and regional
information on icing to make ice thickness estimates.
Reports of extreme icing events are usually not
received until damage has occurred, as in the case
studied by Schaub (1981). As stated by Boyd (1970),

s e
/ > f\
S
“Observations of both thickness and density REGKONSDI

(of ice) are scarce, and the long records needed X~ k

for statistical analyses are lacking. It will be
necessary, therefore, to use whatever thickness
reports can be found and assume a maximum
density (when estimating ice thickness) to be
on the safe side.”

Figure 2. Regions of similar glaze ice characteristics
in the United States (from Tattelman and Gringorten
1973).

Regional studies have been useful in making icing

estimates. As an example, Tattelman and Gringorten

(1973) built on the work of Bennett (1959) to estimate greater than 40 knots for seven regions of the United

glaze ice thicknesses combined with wind gusts States (Figure 2). .
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Return  Period  (Years)
Region

25 50 100

I 2.5 5 6.5

I 3.7 5 6.5

i 2.6 5 6.6
v <2.5 3.5 5.6
\Y <2.5 <2.5 3.6
Vi <2.5 3 4.5
Vil <2.5 2.5 4.1

TABLE 2. Ice thickness, estimated to the nearest 0.1 cm, combined with wind gusts greater than 40 knots in
the most severe location in each region shown in Figure 2 (based on data for 1919-1969 from Tattelman and

Gringorten, 1973).

The extreme values of glaze ice thickness combined
with wind gusts greater than 40 knots are shown in
Table 2 for various return periods. Boyd (1970) used
icing reports from telephone and electric companies
in Canada during 1965-70 to determine that the
greatest and most frequent thicknesses of ice on
structures occurred in eastern Newfoundland. He also
used data from McKay and Thompson (1969) for
1957-66 to produce a map of index of severity of
freezing precipitation in Canada (Figure 3).

As another example, USAFETAC used a study by
Chaine and Skeates (1974) that gives extreme value
analyses of glaze ice thicknesses and winds out to a
40-year return period for 148 stations across Canada
based on 9 to 15 years of data. Examples of rime
icing studies are more limited because rime typically
occurs on isolated hills and in mountains. An
exception is Mount Washington, New Hampshire,
where icing studies have been conducted since the
late 1930s (Putnam, 1991).

canang
AVERAGE ANNUAL WUMBER
OF WOURS OF FREEZING
RUN PLUS ONE - THIRD
WOURS OF FREEZING
ORIZILE 1937 & 1966

Figure 3. Map of index of severity of freezing
precipitation for Canada (from Boyd, 1970).
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1.5 Scope of this Report. The original scope of
this report was to review the scientific literature and
summarize the state of knowledge concerning
structural icing. Because the literature on structural
icing is so extensive, a thorough review of all aspects
of structural icing was not possible. Instead, this report

focuses on providing background information on ice
types, ice accretion theory, and computer models of
ice accretion in Section 2. The third chapter provides
recommended procedures for estimating ice
accretion.




ESTIMATING ICE ACCUMULATIONS ON SURFACE STRUCTURES

Chapter 2

BACKGROUND

2.1 Types of Atmospheric Icing. There are three
types of atmospheric icing: glaze, hard rime, and soft
rime. The special case of icing on structures due to
wet snow buildup is not covered in this report.

Glaze accumulates on surface objects due to freezing
precipitation or from supercooled water droplets in
fog or cloud, carried in the wind flow, that impinge
on objects whose surface temperatures are at or a few
degrees below freezing. Rime ice forms only rarely
as aresult of freezing precipitation; it forms most often
from supercooled droplets contracting objects that are
below freezing. Rime occurs mostly in hilly and
moutainous areas that are often enshrouded by clouds.
Table 3, from Minsk (1977), describes the
characteristic appearance, density, and conditions of
formation for each of the three icing types.

2.2 Factors Affecting Icing. Ice type is
determined by air temperature, wind speed,
supercooled droplet diameter, and liquid water
content. The relationships of ice types with droplet
diameter, air temperature, and wind speed are shown
in Figure 4, next page.

Glaze is favored by a relatively large droplet diameter,
air temperature in a narrow range at and just below
freezing, and relatively high wind speeds. Conversely,
rime forms when droplet diameters are relatively
small, and when air temperature and wind speed are
low. The liquid water content is a contributing factor
to ice type because it varies according to median-
volume droplet diameter, as shown in Makkonen
(1984a).

Table 3. Types and characteristics of atmospheric icing (from Minsk, 1977).

. ' Density s .
Type of ice Appearance (g/cm3) Conditions of formation
Supercooled water droplets at
Glaze A hard, well-bonded, generally 07-09 |2 temperature close to freezing
clear homogeneous ice T (O to -3° C) and wind speeds
of 1-20 m/s
A hard, granular white or Supercooled water dropleits at
. . o a temperature of -3 to-8° C,
Hard rime |[translucent ice growing into the 0.1-0.6 .
N . wind speeds generally 5-10
direction of the wind
m/s
A white, opaque, granular ice Supercooled water droplets at
. with delicate structure only a temperature of -5 to -25°
Soft rime loosely bonded, growing into 0.01-0.08 C,and low wind speed (1-5
the direction of the wind m/s)
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Figure 4. Relationships of ice types with (a) droplet diameter, and (b) air temperature
and wind speed (From Kuroiwa, 1965).




2.3 Ice Shapes. Both glaze and rime ice tend to
build up on the windward side of objects exposed to
supercooled water droplets. In general, the
accumulation increases with increasing wind speed,
but at some point the less dense ice blows off.
Examples of ice shapes on cylindrical surfaces are
shown in Figures 5 through 7. As shown in Figure 5,
soft rime has a feathery appearance with the feathers
pointing into the wind. The temperature range for
soft rime formation is such that an individual
supercooled water droplet is able to freeze and release
the latent heat before the next droplet impinges. As a

BACKGROUND

result, the soft rime has many air pockets. For hard
rime (Figure 6), the time for freezing is about equal
to the impingement rate so that fewer air bubbles are
trapped. In the case of glaze (Figure 7), the narrow
temperature range in which it forms does not allow
rapid release of latent heat from freezing. The
impingement rate of supercooled water droplets
exceeds the time required for complete freezing. In
some cases, with the air temperature at or near
freezing, some unfrozen liquid water will run back
as shown and freeze or be removed by the wind.

SOFT RIME

{a) WIND DIRECTION

(b

WIND
(a)

CLEAR ICE
AIR BUBBLE

.‘o\‘_.)'o’“ 4"}%'0 ."’o. ~a,
B A Xty o
PP ORI T T

3
o,.:

(b)

Figure 5. Shape of soft rime accretions on
an object oriented normal to the wind flow;
(a) side view and (b) from above (from
Kuroiwa, 1965).

Figure 7. Same as Figure 5
except for glaze, side view only.

Figure 6. Same as Figure 5 except for hard
rime.

TRANSPARENT
ICE
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2.4 Ice Accretion Theory. Because wires and
cables are the usual items of concern regarding ice
accretion near the surface, the theory of ice accretion
is presented with respect to cylindrical objects. The
next three paragraphs describe the basic theory on
forces acting on droplets, collection efficiency, and
equivalent radial thickness.

2.4.1 Forces on Droplets. As outlined by Chaine
and Castonguay (1974), supercooled liquid water
droplets carried in a wind flow as fog or clouds are
acted on by two forces: drag force and inertial force.
The drag force (F ) makes the droplets follow the
airflow. It is expressed as

F,=n2(C,pa*?) (1
where
p, = air density

C, = drag coefficient

v = relative velocity between the air
and the droplets

a = radius of droplet

The inertial force (F, ) tends to keep the drops on a
straight line, and is given by

F.= Ka'p, (dv/dt) )

where K = storm specific constant

p,, = droplet density
dv/dt = rate of change of relative velocity

Equations 1 and 2 show that droplet size has a large
effect on the inertial force. Larger droplets are
deflected less than smaller ones. However, a large
object will deflect more droplets due to the increased
drag coefficient.

2.4.2 Collection Efficiency. As defined in Chaine
and Castonguay (1974), the collection (catch)
efficiency (E) is given by the ratio of the frontal
projection of the water droplets to the diameter of the
cylindrical object impinged upon.

E=y/D, (3)
where

y = frontal projection of droplets on a
trajectory that impinges on the cylinder

D, = diameter of the cylinder

It can be seen from Equation 3 and Figure 8 that if the
frontal projection is constant and the diameter of the
collecting object decreases, the collection efficiency
is increased. Given the same frontal projection, a
larger object will deflect droplets at a greater distance
in front of the cylinder, because the air flow is forced
to flow around the cylinder due to drag. As a result,
larger diameter objects capture less of the droplets
and thus accumulate less ice.

AIR STREAMLINES

TANGENT DROPLET TRAJECTORY

INTERMEDIATE DROPLET TRAJECTORY

CATCH EFFICIENCY = ¥

D‘

Figure 8. Collection (Catch) efficiency of a cylinder (from Chaine and Castonguay, 1974).




2.4.3 Equivalent Radial Thickness. The equivalent
radial thickness (wherein it is assumed that ice
accumulates uniformly around a cylinder) is a concept
convenient for determination of ice loads, The ice
thickness estimates for a 1/2-inch radius wire, given
on USAFETAC Form 3, are equivalent radial
thicknesses. In nature, ice accumulation on wires is
not often uniform. Some examples are shown in
Figure 9. In the idealized case (rotating), the wire is
able to twist in the wind and ice is accreted uniformly.
Ice accretions with cylindrical shapes actually do
occur where winds are steady and the wire twists in
reaction to changing ice mass. For a stationary wire
with 100-percent collection efficiency, the ice
accretion has a crescent shape on the windward side.
In the typical case of a stationary wire with a collection

BACKGROUND

efficiency less than 100 percent, the ice accretion has
a bell shape toward the wind.

As discussed by Tattelman (1979), many variations
in ice accretion shape are possible due to changing
temperature and wind speed, and variations in the
geometry of surface structures. In this report (refer
to Figure 9, rotating case), the equivalent radial ice
thickness (T,) is given by

T.=R,-R, @
where R, = radius of combined cylinder and ice

R, = radius of cylinder

ROTATING

STATIONARY WITH
100% CATCH EFFICIENCY

STATIONARY WITH
TYPICAL CATCH EFFICIENCY

Figure 9. Variations in shapes of ice accumulations on wires (adapted from Chaine and Castonguay).

2.5 Ice Accretion Models. As stated by several
authors, modeling of ice accretion on surface objects
i1s necessary because there are no routine and
standardized observations of icing. As a result,
empirical and theoretical models are used to estimate
ice accretion from regularly observed atmospheric
variables, and from specialized observations of drop
size and liquid water content.

A brief description of over 20 ice accretion models is
given by Henry (1987). According to Dr. Charles C.
Ryerson at the U.S. Army Cold Regions Research and
Engineering Laboratory (personal communication,
1993), none of the models have been adequately tested

by actual ice accretion observations. Some limited
testing of models, however, has been done by Yip and
Mitten (1991). Of the nine models they evaluated,
one by Chaine and Skeates (1974) was the best at
predicting glaze ice accretion. A model by Makkonen
(1984b) was second, but Makkonen’s model was better
than any of the others at predicting rime ice accretion.
Only nine cases of rime icing were available for testing
the models. The following paragraphs discuss the
Chaine and Skeates (1974) model; the Makkonen
(1984b) model; and a model by McComber and
Govoni (1985) that appears to be useful for predicting
rime and glaze accretions.
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2.5.1 Chaine and Skeates Model. This model is in
operational use at the Canadian Climate Centre (Yip,
1993). It is based on formulations by McKay and
Thompson (1969). For horizontal surfaces (e.g., flat
plates), the thickness (7)) in inches is assumed equal
to the observed liquid water equivalent amount
measured for the total number of hours when either
freezing or liquid precipitation occurred, and the
temperature was at or below freezing. It is also
assumed that all precipitation accretes as ice so that

T,=Ph (5)

where P = precipitation rate (in h™!)

h = precipitation duration in hours

As noted by McKay and Thompson (1969), the glaze
ice accretion on surfaces at angles to the wind may
exceed the precipitation rate. To estimate the vertical
ice accretion thickness ( T,) in inches, it was assumed
that the rate of increase in mass of a glaze layer,
forming on a square meter flat surface normal to the
wind, was related to the rainfall rate so that

T, = 0.078v(P*#)h (6)

where v = average wind speed (mi h'')

P = precipitation rate (in h*')
h = precipitation duration in hours

It was also assumed that the collection efficiency of
the vertical flat plate was 100 percent. That
assumption may overestimate 7, but it does allow for
a worst case scenario. As a last step, the equivalent
radial thickness ( T,) of glaze in inches for a wire is
given by

T, =[KR/2T,? + T2 + R} -R, (7)

10

where K = correction factor depending on
the wire diameter

R, = radius of wire (inches)
T,, = horizontal glaze thickness (inches)
T, = vertical glaze thickness (inches)

Note that the bracketed term in Equation 7 is
equivalent to R in Equation 4. The correction factor
(K) is the ratio of experimentally determined ice
deposits on cylinders of various sizes to theoretical
calculations (Chaine and Castonguay, 1974).

A graph of K values for various wire diameters and
temperature ranges is shown in Figure 10. A reference
line for a 1-inch diameter wire is shown for
convenience (refer to Figure 1).

K=£{(D) 4

SMODEL
-
T

CORRECTION FACTOR « SACTUAL
N (X}
T T

i 1 |

J
1 2 3 4 [ 6

DIAMETER (INCHES)

Figure 10. Correction factors (K) for various wire
diameters and temperature ranges (adapted from
Chaine and Castonguay, 1974).




2.5.2 Makkonen Model. Makkonen (1984b)
developed a theoretical ice accretion model to reveal
the basic physical processes that control icing on
wires. The model is time-dependent and uses constant
wind speed, air temperature, liquid water content, and
median-volume droplet diameter as inputs. The
droplets are assumed to move horizontally in the wind
flow and impinge on a wire oriented normal to the
flow. The model simulates glaze (wet growth) or rime
(dry growth) ice accretion of supercooled water
droplets onto the wire. In wet growth, there is some
runoff from the ice deposit (refer to Figure 7). It is
assumed that the runoff is shed into the wind at the
edges of the wire. In dry growth, there is no runoff.
All of the impinging supercooled water turns into ice
on the wire. The icing intensity on the wire is given
by

1 = 2/m(Envw) (8)
where [ = icing intensity (g cm? h')
E = collection efficiency of the wire

n = freezing fraction; the fraction of
supercooled water captured by the wire
that turns to ice

(n < 1in wet growth; n = 1 in dry growth)
v = wind speed (m s™!)

w = liquid water content (g m)

Dfcm) P lgemd)
60
50} M {0 ~
e40} s {oser
g * log &
=30} 0 {08 S
z g
20F 104 ™
[[o] 3 {0.
, 0.2
[} i L i 1 i I 1 0
20 40 60 80 100 120 140 60 180 200
TIME (h}

Figure 11. Results of numerical simulation of ice
accretion on a 1-cm diameter wire. The simulated
quantities are ice load (M), ice deposit diameter (D),
density of accreting ice (p), total deposit density (p_, ),
and the icing intensity (). Input wind speed is 20 m s,
air temperature is -1° C, liquid water content is 0.3 g
m , and median-volume droplet diameter is 25(p, )
meters (adapted from Makkonen, 1984b).
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BACKGROUND

At each 10-minute time step, the model simulates the
quantities E, n, and I It also simulates the diameter
(D) of the ice deposit in cm; the ice load (M) in kg
m’'; the density of the ice accretion in one time step,
and the density of the total accretion, both in g cm™.
Examples of a simulation are shown in Figures 11
and 12. In Figure 11, the ice deposit diameter (D)
increases nonlinearly with time while the icing
intensity (I) decreases nonlinearly with time. As the
overall diameter (wire and ice) increases, the
collection efficiency (E), and hence the icing intensity,
decreases nonlinearly with time as seen in Figure 12.
The ice load (M) increases nonlinearly with time
(Figure 11), and emphasizes the importance of the
duration of the icing.

The model also showed features of the ice accretion
process on wires that had not been revealed by
previous theories on ice accretion. For example,
Figure 12 shows that the growth regime may change
from wet (n < 1) to dry (r = 1) even under constant
atmospheric conditions. Figure 11 shows that the ice
density eventually decreases with time after dry
growth is reached.

As Makkonen’s (1984b) model shows, the process of
ice accretion on wires is complex and not easily
described with routinely measured atmospheric
variables. The model can be used with varying input
values, but adequate observations are not regularly
available.

ok

1 i i A

20 40 60 B0 100 [20 KO 160 1802
TIME (h)

Figure 12. Time-evolution of the freezing fraction
(n) and the collection efficiency (E). For a numerical
simulation of ice accretion on a 1-cm diameter wire
with input variables as in Figure 11 (adapted from
Makkonen, 1984b).
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2.5.3 McComber and Govoni Model. McComber
and Govoni (1985) conducted ice accretion
experiments at Mount Washington, New Hampshire,
in 1978 and 1980. The experiments were done with a
0.64-cm diameter stranded steel cable at 2.5 meters
above ground, stretched between supports 6 meters
apart, and oriented normal to the prevailing winds.

Measurements were taken of temperature, wind speed,
liquid water content, droplet size, ice load, and
maximum ice accretion diameter. Of five icing events
selected for analysis, an increasing icing rate with time
was observed in all cases. That finding contrasted
with the Makkonen (1984b) model results that showed
a decreasing icing rate (i.e., icing intensity) with time.
Furthermore, none of the other models discussed by
Makkonen (1984b) readily fit the data from the five
icing events. Therefore, McComber and Govoni
(1985) suggested an exponential growth model

M =M e 9
where M = ice load per unit length (kg m'!)
M, = initial ice load (kg m™)
k = constant

t = duration of icing (h)
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In Equation 9, the constant (k) is given by
k=[354x10%EwV )]/pD, (10)

where E = collection efficiency

w = liquid water content (g m?)
V = average wind speed (m s™)
p, = ice accretion density (g m)

D, = diameter of wire (m)

The ice load (M) in Equation 9 is related to the ice
accretion diameter (D) by
(11)
M= (0.785D%)/p,

from which the ice accretion diameter (D), in
meters, is given by

D = (pM/0.785)"* (12)

McComber and Govoni (1985) found that their
measured data fits well to the exponential growth
model. The average initial ice load (M) for the five
icing events was 1.0 kg m'.
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Chapter 3

METHODS FOR ESTIMATING ICING

3.1 General Considerations. An excellent
starting point in making an estimate of ice accretion
on surface structures is a review of historical files on
engineering design information prepared by
USAFETAC’s Engineering Meteorology Section. The
files contain icing estimates for specific locations (on
USAFETAC Forms 3; see Figure 1) and background
information by country. As part of the search for
climatological data for the area of interest, a literature
review specific to the area on icing would be helpful.
The search should include an evaluation of synoptic
weather patterns that affect the area. Locations along
the major winter storm tracks are especially prone to
icing, as are locations exposed to long fetches of
moisture-laden air. Other considerations are
topography of the area and exposure of the location
to the prevailing wind flow. As a rule, locations on
the windward side of hills and mountains exposed to
cloud systems that contain supercooled water droplets
are most vulnerable to icing.

In the following recommendations on estimating icing,
it is assumed that the phenomenon of icing on surface
structures is the same worldwide, and that the
estimation methods apply anywhere.

3.2 Glaze Estimates from Freezing
Precipitation. The estimates described in this
section are intended for use where the elevations of
the observing location and location of interest differ
by less than 1,000 meters. This is because Equation
13 is valid only in the planetary boundary layer.
Locations above the planetary boundary layer are more
likely to experience glaze ice from in-cloud processes
as discussed in the next section. If surface weather
observations are available at the location of interest,
or from nearby locations that are considered
representative, the model by Chaine and Skeates
(1974) is recommended for glaze thickness estimates.
In the typical case where the location of interest is
away from the observing locations, proceed as follows
to obtain flat plate glaze thickness estimates:
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«Assume that the precipitation rate and duration at
the location of interest are the same as at the observing
location.

*Obtain the liquid equivalent precipitation amounts
for each period in where the temperature was at or
below freezing.

*Obtain the average temperature and wind speed for
each period.

*Use Equation 5 to estimate the glaze thickness on a
flat plate for each period.

+Use the highest annual thickness value for each year
from as many years of record as possible, and do an
extreme value analysis (refer to Air Weather Service,
1977) to obtain the flat plate glaze thickness for a 95-
year return period.

For glaze thickness on a 1/2-inch radius wire, if the
location is at an elevation higher than the observing
station, it will be necessary to estimate the average
temperature and mean wind speed at the location of
interest.

*Use the moist adiabatic lapse rate (0.5°C/100 m) to
adjust the average temperature.

*Use the following equation from Thom (1970) to
adjust the average wind speed:

v,=v, [(z,/2, )] (13)

where v, = wind speed at location of
interest (mi h")

v, = wind speed at observing
location (mi h*')

Z,= elevation of location of

interest (feet)

z, = elevation of observing location
(feet)
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*Use Equation 6 to estimate the vertical glaze
thickness.

*Use Equation 7 and Figure 10 to estimate the
equivalent radial thickness of glaze on the wire.

*Use the highest annual equivalent radial thickness
values as input for an extreme value analysis to obtain
the 95-year return period thickness.

If the location of interest is too far from observing
stations, it will be necessary to estimate glaze amounts
from previous estimates. In any case, the glaze ice
thickness values for the United States in Table 2, and
the Ice Accretion Handbook by Chaine and Skeates
(1974) for glaze ice in Canada, are good references.

3.3 In-Cloud Rime and Glaze Estimates. If
the location of interest is in hilly or mountainous
terrain, and frequently enshrouded with clouds, it is
more likely to experience rime icing than glaze icing.
However, either type (or mixtures of both) are possible
on a surface object, depending on the air temperature
and size of supercooled water droplets in the cloud
that impinge on the object. The wind speed and liquid
water content are also important factors that affect
ice type.

The exponential growth model by McComber and
Govoni (1985) is recommended to estimate in-cloud
rime and glaze on a 1/2-inch radius wire. For the flat
plate estimate, the following general relationship
between vertical and horizontal ice accumulations
from Chaine and Castonguay (1974) is recommended:

T,= 10T /V (14)

where T, = horizontal ice thickness (inches)
T, = vertical ice thickness (inches)

V = mean wind speed (miles h'')

Input for the McComber and Govoni (1985) model
requires estimation of several variables.
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3.3.1 Estimation of Inputvariables. As afirst step,
use a representative upstream observing station to
determine the following for each year of record:

*For each month of the year, determine the maximum
number of consecutive hours that the ceiling was
below the level of the location of interest. Depending
on the latitude and elevation of the location of interest,
it may experience in-cloud icing in every month.

«[f the maximum number of hours occurs more than
once in any month, keep all periods.

*Calculate the average air temperature and average
wind speed for each period.

*Obtain an estimate of the average air temperature at
the location of interest by reducing the average air
temperature at the observing station according to the
moist adiabatic lapse rate (0.5° C/100 meters). It can
be seen in the study by Schaub (1981) that the
temperature lapse rate (from the surface to the site on
Monte Cimone) more closely followed the moist
adiabatic rate during the severe in-cloud icing event.

*Obtain an estimate of the average wind speed at the
location of interest by using Equation 13 as a guide
for locations up to 1,000 meters above the observing
location. For higher locations, assume a linear
increase in average wind speed based on the calculated
rate of increase from the observing location to
1,000 meters above the observing location.

*Eliminate periods in which the average air
temperature at the location of interest is above 0°C or
below -10°C (refer to Table 3 and Figure 4). Soft rime
that forms at temperatures below -10° C is usually
removed by the wind before much accumulates.
*Separate the remaining periods according to average
temperature at the location of interest. If the average
temperature is from 0°C to -3°C, the period is one of
glaze ice accretion; otherwise, the period is one of
rime ice accretion.

*Keep the longest glaze period and rime period. The
length of each period in hours is the duration (z) for
use in Equation 9.




To obtain an estimate for the constant (k) in Equation
9, 1t is necessary to assume constant average values
for collection efficiency (E), liquid water content (w),
ice accretion density (p,) and wind speed (V). Based
on simulations by Makkonen (1984b) and calculations
McComber and Govoni (1985), an average collection
efficiency of 0.1 is assumed for a wire with a diameter
(D ) of 2.54 X 102 m (1 inch).

To estimate average liquid water content, it is generally
agreed (Makkonen, 1984a) that glaze is favored when
liquid water content is high. Patnoe and Tank (1993)
described aircraft measurements of liquid water
content during the winter of 1992 in the North Atlantic
near the maritime provinces of Canada. A maximum
supercooled liquid water content of 1.2 g m? was
measured in clouds from 7,000 to 8,000 feet MSL.
From aircraft measurements in Colorado, Bernstein
and Politovich (1993) reported that mixed (glaze and
rime) icing occurred where the supercooled liquid
water content exceeded 0.6 g m? in clouds around
9,000 feet MSL.

McComber and Govoni (1985) measured a liquid
water content of 1.4 g m™ during a freezing rain event
on Mount Washington at an elevation of 6,265 feet
MSL. In this report, an average liquid water content
of 0.8 g m?3 is assumed for glaze ice accretion. For
rime ice accretion, an average of 0.4 g m is assumed
as a compromise between measurements by
McComber and Govoni (1985) of 0.5 g m3, and the
maximum liquid water content of 0.3 g m™ in
mountain fog (Makkonen, 1984a). For ice accretion
density, average values of 0.8 g cm™ for glaze and 0.3
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g cm for rime were obtained from Table 3. Estimates
of average wind speed can be made as described in
3.3.1

3.3.2 Application of McComber and Govoni Model.
Use Equation 10 to obtain a value for the constant (k)
for the longest duration () of in-cloud glaze and rime
ice accretion for each year of record. Calculate the
ice load (M) from Equation 9, assuming that the initial
ice load (M )is 1.0 kg m. Use Equation 12 to obtain
the glaze and rime ice accretion diameters (D) for each
year of record. Convert the values of D to cm and use
the equation below to obtain the equivalent radial glaze
and rime ice thicknesses on a 1/2-inch radius wire.

T,=(D-2.54)2 (15)

where T, = equivalent radial ice thickness

(inches)
D = ice accretion diameter (cm)

To estimate glaze and rime ice thicknesses on a flat
plate (T,) for each year of record, use the following
equation:

T,=10TyV, (16)
T, = equivalent radial ice thickness
from equation 15 (inches)

where

V= average wind speed at location of
interest (mi h™')
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3.4 What to Expect. It appears that in-cloud icing
occurs with more regularity than glaze ice events from
freezing precipitation. As an example, consider the
icing data in Table 4 and the extreme value analysis
of icing in Figure 13, next page, for Monte Cimone,
Italy, at an elevation of 7,101 feet MSL. The input
data consisted of maximum annual ice thicknesses
for 1971-78 obtained by USAFETAC’s Engineering
Meteorology Section in 1979 from Italian military
sources. The type of ice was not given, but mostly
rime can be assumed. It can also be assumed that the
accretions were on objects oriented at various angles
to the wind flow. It is important to note that due to
the consistency in annual maximum ice amounts
(Table 4), the 95-year return period value of nearly
200 cm (Figure 13) is not particularly large in
comparison.

Other locations in hilly and mountainous areas
experience similarly large ice accumulations. As noted
by Putnam (1991), the great ice storm of January 8-
13,1956, on Mount Washington (elevation 6,265 feet
MSL) in New Hampshire left ice thicknesses of 12-

18 inches near the ground on windward sides of
buildings, and thicknesses of 6 feet on the top of a
100-foot tower. The tower, which still stands, was
designed to withstand a wind of 300 miles h'! with a
6-foot ice accumulation.

On the Brocken (elevation 3,747 feet MSL), the
highest point of the Harz Mountains in Germany, rime
ice has been seen to accumulate at the rate of 50 cm
in 24 hours, and at one time a telegraph pole was
covered by a rime thickness of nearly 3 meters.

Although not as regular from year to year as in-cloud
icing, extreme accumulations of glaze ice at lower
elevations from freezing precipitation are also
impressive, as noted in Table 2. Page (1969) gave an
example of a heavy glaze ice event in the United
Kingdom that caused the collapse of a 1,250-foot
tower due to a 4-inch radial accumulation on the guy
wires. Other notable examples occurred in eastern
Newfoundland (Boyd, 1970) and Nova Scotia (McKay
and Thompson, 1969), generally considered the worst
locations on earth for glaze ice accumulations.

Table 4. Annual maximum ice thickness (cm) for Monte Cimone, Italy, elevation 7,101 feet.

Year
1971 1972 1973 1974 1975 1976 1977 1978
Thickness 130 136 130 136 150 120 150 130
Month Feb Mar Mar Feb Feb Feb/Dec Jan Feb
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Figure 13. Extreme value analysis of annual maximum ice thickness (cm) for Monte Cimone, Italy. Input data
from Table 4. The 95-year return period value is read where the bold vertical line intersects the abscissa.
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Do an extreme value analysis on the annual maximum
glaze and rime thicknesses for a 1/2-inch radius wire
and a flat plate (Air Weather Service, 1977) to obtain
the 95-year return period values for entry on
USAFETAC Form 3 (Figure 1).

3.5 Variations of Ice Thickness on Tall
Structures. The example of tower icing on Mount
Washington shows that ice accumulations tend to
increase with height above the surface. Caspar and
Sandreczki (1964) deduced from 13 years of data on
ice accretion in Europe that the amount of ice was
generally two to three times greater at a height of 16
meters above the ground than at 2 meters. Ryerson
(1987) found, from observations on Mount Mansfield,
Vermont (elevation 4,021 feet), during two winters,
that in some cases rime ice thicknesses on towers
doubled from 2 meters above ground up to 30 meters.
Generalities like these can be misleading, because the
shape and orientation of the iced surfaces is not
specified. Glukhov (1972) used data from a 300-meter
meteorological tower at Obninsk near Moscow to
show how the average diameters of glaze and hard
rime on wires increase with increasing height. The
average diameters of both ice types roughly double at
200 meters above ground, and increase by five to six
times the surface values at 300 meters above ground
(Figure 14). Minsk (1977) surmised that the findings
of Glukhov (1972) hold true for any location. On
USAFETAC Form 3, it is reccommended that Figure
14 be used as a guide in adjusting ice thickness
estimates for tall structures.

3.6 MaximumWind with Ice Loads. Winds that
can damage a structure loaded with ice usually occur
after the ice is deposited. In a typical example, ice is
deposited on a structure in advance of a cold front,
and subsequent strong winds behind the front further
stress the ice loaded structure. Therefore, an extreme
value analysis of wind speeds coincident with ice
accretion may not produce representative results. For
that reason, Tattelman and Gringorten (1973) used
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Figure 14. Variation of average diameters of glaze
and hard rime accumulations with height above
ground (adapted from Glukhov, 1972).

peak gusts from days below freezing after an icing
event to determine maximum winds with ice load.
Chaine and Skeates (1974) used the wind speed
observed during an ice storm, and for that part of the
24-hour period after the storm that the temperature
was below freezing. McKay and Thompson (1969)
found that extreme value analyses of wind speeds
during and 24 hours after icing events produced lower
values than extreme value analyses based on all wind
speeds. To estimate the maximum wind with ice loads,
it is recommended that annual peak gusts for only the
month(s) that the annual maximum ice accumulations
occurred be used as input to an extreme value analysis
to obtain the 95-year return period value.
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Chapter 4

CONCLUSIONS

The methods proposed in this report to estimate ice
accumulations demonstrate the difficulties
encountered when forced to make estimates of
infrequently measured phenomena from regularly
observed meteorological variables.

Faced with a lack of observations in hilly and
mountainous locations, where structures such as
communications towers are commonly sited, it is
necessary for one to make tough determinations of

19

icing duration, ice type, liquid water content, and so
forth.

The method for estimating glaze amounts from
freezing precipitation can be automated with relatively
simple software development, but the method for
estimating in-cloud rime and glaze amounts requires
more detailed programming. Feedback on icing events
at manned locations is needed to verify and improve
ice accumulation estimates.
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PP

droplet radius
Celsius

drag coefficient
centimeters

ice deposit diameter
diameter of cylinder or wire
collection efficiency
drag force

inertial force

grams

icing intensity
constant

storm specific constant, correction
factor depending on wire diameter

kilograms

ice load

initial ice load
freezing fraction
precipiation rate
air density

total ice deposit density

GLOSSARY

P, droplet density

R, radius of combined cylinder and ice

R, radius of cylinder

s second

t time, duration of icing

T, horizontal ice thickness

T, equivalent radial ice
thickness

T, vertical ice thickness

im micron (10% m)

USAFETAC  USAF Environmental Technical

Applications Center

v wind speed, relative velocity
between the air and the droplets

v, wind speed at observing station

v, wind speed at location above
observing station

V,V_ mean or average wind speed

w liquid water content

y frontal projection of droplets

z, elevation of observing location

z elevation of location above

22

observing location
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